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Abstract
Possible allelopathic eﬀects of substances released from the macrophytes Chara globularis, Elodea canad-
ensis, Myriophyllum spicatum on the common green alga Scenedesmus obliquus were tested in the laboratory
with plastic plants and untreated medium as controls. A two-phase approach was used in which ﬁrst the
eﬀects of physical presence of plants was studied (phase I) followed by the eﬀects of plant culture ﬁltrates
(phase II). In the presence of plastic plants growth was reduced only marginally, but strong growth
inhibition of Scenedesmus occurred in the physical presence of all macrophytes. In contrast, ﬁltrates from
Chara had no growth inhibitory eﬀect on Scenedesmus. Myriophyllum ﬁltrate reduced particle-based
growth rate by 7% compared to ﬁltration controls, while Elodea culture ﬁltrate reduced volume-based
growth by 12%, chlorophyll-based growth by 28% and particle-based growth by 15%. Photosystem II-
eﬃciency of Scenedesmus was reduced in all three macrophyte treatments in phase I, but not in ﬁltrates
from macrophyte cultures (phase II). Thus, while enzyme activity or other physiological aspects may have
been aﬀected, the current study yielded no proof for allelopathically active compounds being directed at
photosynthesis. Mean particle volume (MPV) of Scenedesmus was not inﬂuenced by macrophyte exudates
and cultures remained dominated by unicells. The strong growth inhibitory eﬀects found for Scenedesmus
in the physical presence of macrophytes, but not in plastic controls, and no or weaker response in nutrient-
enriched ﬁltrates, suggest nutrient competition was a more powerful driving factor than allelochemicals.
However, the experimental design does not exclude disappearance of allelochemicals during the ﬁltration
process.
Introduction
In shallow lakes, submerged macrophytes exert a
strong positive eﬀect on water transparency and
show inverse relations with phytoplankton
(Scheﬀer, 1998). Several mechanisms are involved
in the antagonistic relationship between phyto-
plankton and macrophytes. Low water turbulence
in macrophyte stands, poor under water light
climate and reduced nutrient concentrations, ref-
uge for grazers on algae causing increased preda-
tion and the excretion of chemicals that inhibit
phytoplankton growth may all contribute to
maintenance of low phytoplankton biomass in
macrophyte beds (Scheﬀer, 1998; Søndergaard &
Moss, 1998).
Numerous studies have been devoted to the
stimulatory and inhibitory eﬀects on primary
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producers and microorganisms evoked by extra-
cellular metabolites of primary producers, which is
termed allelopathy (e.g. Gross, 2003). Both mac-
rophytes in freshwater systems and seaweed in
marine environments may produce compounds
with algicidal activity (e.g. Wium-Andersen, 1987;
Gross et al., 1996; Jeong et al., 2000; Gross, 2003).
Several species of submerged macrophytes may
contain allelochemicals that suppress algal growth.
Sulphuric compounds isolated from the green
macroalga Chara globularis may inhibit phyto-
plankton photosynthesis (Anthoni et al., 1980).
Planas et al. (1981) found growth inhibition by
phenolic compounds isolated from Myriophyllum
spicatum, some of which are also released into the
surrounding water (Gross et al., 1996; Nakai
et al., 1996, 1999; Gross, 2003). Extracts from
Elodea canadensis have been shown to suppress
photosynthesis in the diatom Nitzschia palea
(Wium-Andersen, 1987).
In addition to eﬀects on phytoplankton pho-
tosynthesis and biomass, macrophytes may also
have a clear eﬀect on the algal community struc-
ture and the size of members forming the com-
munity (Jasser, 1995; Søndergaard & Moss, 1998).
For example, Chlamydomonas was signiﬁcantly
smaller inside macrophyte beds, whereas Crypto-
monas was signiﬁcantly larger inside macrophyte
stands than outside (Søndergaard & Moss, 1998).
Flagellates, such as Cryptomonas and Chlamydo-
monas, dominated in the presence of macrophytes,
but were replaced by diatoms and green algae,
such as Scenedesmus, in the absence of plants
(Schriver et al., 1995; Van de Berg et al., 1998).
Also Hasler & Jones (1949) found Scenedesmus
among the most abundant algae in the absence of
plants, but virtually lacking in the presence of
Elodea canadensis. In enclosures without Chara
blooms of Scenedesmus developed, while in pres-
ence of Chara a diverse algal community with low
biomass was found (Van Donk & Van de Bund,
2002). Since ﬂagellated species had replaced algae
such as Scenedesmus (Schriver et al., 1995), re-
duced resuspension, and thus higher net sedimen-
tation of non-motile algae, in plant beds is
assumed the major steering factor (Scheﬀer, 1998;
Søndergaard & Moss, 1998). Several studies have
failed to detect allelopathic eﬀects of macrophytes
on Scenedesmus (e.g. Jasser, 1995; Ko¨rner &
Nicklisch, 2002; Van Donk & Van de Bund, 2002;
Mulderij et al., 2003), which seems to support
stagnant water around macrophytes as a major
cause for the disappearance of Scenedesmus from
the water column.
Nonetheless, allelopathic eﬀects on growth and
morphology of Scenedesmus cannot be excluded.
For example, Blindow & Hootsmans (1991) found
10% growth reduction of Desmodesmus communis
(formerly known as Scenedesmus communis)
in water from cultures of Chara globularis.
Scenedesmus falcatus was inhibited by tellima-
grandin II, the main inhibitory substance in Myr-
iophyllum, albeit less than cyanobacteria were
(Gross et al., 1996). Moreover, Scenedesmus is one
of the commonest genera of freshwater algae,
which can be found in freshwater bodies all
around the world, and even in the soil (Trainor,
1998). Scenedesmus species are characterized by a
high degree of phenotypic plasticity and a high
tolerance to a wide range of environmental con-
ditions (Trainor, 1998). The easy attachment of
Scenedesmus to substrates, by which it may leave
the pelagic habitat and switch from plankton to
periphyton (Otten & Willemse, 1988), might con-
front macrophytes with a potent epiphytic com-
petitor. Hence, one could expect macrophyte
exudates to be directed against such common and
widespread competitors.
In the present study, potential allelopathic ef-
fects on Scenedesmus were evaluated of the mac-
rophytes Chara globularis, Elodea canadensis and
Myriophyllum spicatum, of artiﬁcial plants, and of
medium in which the plants had been grown. In
addition to standard endpoints as growth and
photosynthesis, eﬀects on mean particle volumes
(MPV) were examined. Changes in particle vol-
umes in the presence of plants could reﬂect an
inﬂuence in cell or colony size and thereby on
sinking properties as Scenedesmus colonies do
have higher sinking rates than unicells (Lu¨rling,
2003).
Materials & methods
Organisms
The green alga Scenedesmus obliquus SAG 276/3a
was obtained from the culture collection of the
University of Go¨ttingen (Germany). Algal stock
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cultures were maintained in 300 ml cellulose plug
stoppered Erlenmeyer ﬂasks on a modiﬁed WC
(Woods Hole modiﬁed CHU10)-medium (Lu¨rling
& Beekman, 1999) in a climate controlled room at
20 C in continuous light of 60-lmol quanta
m)2 s)1 (PAR).
Chara globularis, and shoots of Elodea canad-
ensis and Myriophyllum spicatum were collected
from experimental ditches in the vicinity of Wa-
geningen (The Netherlands). Macrophytes were
carefully rinsed in the laboratory with ultrapure
water and were transferred to 1-l jars with 50%
WC-medium and placed for two days at 20 C in
light of 80-lmol quanta m)2 s)1 (PAR) light in a
16:8 h light:dark rhythm.
Eﬀects of Chara, Elodea and Myriophyllum on
Scenedesmus
A two-phase experiment was conducted to exam-
ine the eﬀect of macrophytes on Scenedesmus
growth. In the ﬁrst phase (I) the eﬀect of physical
presence of the macrophytes was investigated,
whereas the second phase (II) was comprised of
testing the macrophyte culture ﬁltrate (Fig. 1).
Physical presence of macrophytes
Inoculate of exponentially growing S. obliquus
were transferred to 50 ml fresh WC-medium in
100 ml Erlenmeyer ﬂasks stoppered with cellulose
plugs at equal concentrations of 1.4104 particles
ml)1, i.e. 2106 lm3 ml)1. Four replicate ﬂasks
were used for controls and contained only medium
and Scenedesmus. To four other ﬂasks plastic
Myriophyllum-like plants were added, four ﬂasks
received 1 g wet weight Chara globularis, to four
other ﬂasks 1 g wet weightMyriophyllum spicatum
was added, and the ﬁnal treatment consisted of
four replicate ﬂasks with 1 g wet weight Elodea
canadensis. The wet-mass of 1 g per 50 ml corre-
sponds to concentrations of which culture ﬁltrates
have been reported to be inhibitory to green algae
and cyanobacteria (Nakai et al., 1996, 1999). The
ﬂasks were incubated for 3 days at 20 C in con-
tinuous light of 100-lmol quanta m)2 s)1 on a
rotating shaking device (60 rpm). Initially and
further daily algal size distributions and densities
were measured in the range of 3–30 lm equivalent
spherical diameter (ESD) using a Coulter Mul-
tisizer II particle counter (capillary 100 lm oriﬁce
Figure 1. Schematic representation of the two-phase experiment in which in the ﬁrst phase (I. Live plants) the eﬀects of physical
presence of macrophytes (Chara, Elodea, Myriophyllum) and artiﬁcial plants (Plastic) on the green alga Scenedesmus were examined,
while in the second phase (II. Filtrate) the culture ﬁltrates of the ﬁrst phase were examined. Neg. Control represents additional controls
with fresh medium.
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width, Coulter Electronics Limited, Luton, Eng-
land). The Chl a content (lg l)1) and the eﬃciency
of photosystem II (FPSII) were determined using
the PHYTO-PAM phytoplankton analyser (Walz,
Germany; Lu¨rling & Verschoor, 2003). Since
Lampert et al. (1994) have shown that the MPV
were highly correlated with the mean number of
cells per colony, for statistical comparison of col-
ony size the MPV were used. The MPV that were
determined from the electronic particle counter
were statistically compared using repeated mea-
sures ANOVA followed by Bonferroni post-hoc
comparison test to distinguish the mean diﬀerences
that are signiﬁcantly diﬀerent at p=0.05 using the
statistical tool pack SPSS version 10.1.0. (SPSS,
2000). Growth rates were calculated from the in-
crease in algal biovolume, the number of particles
and the Chl a concentrations applying linear
regressions on natural logarithm transformed
data. Growth rates were statistically compared
using one-way ANOVA followed by a Bonferroni
post-hoc comparison test. The FPSII after 24, 48
and 72 h were tested over time by means of
repeated measure ANOVA.
Macrophytes culture ﬁltrates
After 3 days, 40 ml of each replicate from live
macrophyte treatments and controls of the ﬁrst
phase of the experiment (outlined above) was ﬁl-
tered through a glass-ﬁbre ﬁlter (GF52, Schleicher
& Schuell, Germany). Filtrates were replenished
with nutrients that were added as in full WC-
medium and ﬁlled up with 10 ml fresh WC to a
ﬁnal volume of 50 ml. Four replicate ﬂasks with
fresh WC-medium served as additional negative
controls that were needed in addition to the pro-
cedural controls for ﬁltration (Fig. 1). The result-
ing treatments were Scenedesmus in negative
controls, in ﬁltered controls and in ﬂasks with ﬁl-
trate from Chara globularis, Myriophyllum spica-
tum and Elodea canadensis (Fig. 1). All resulting
treatments were run in quadruplicate with an ini-
tial S. obliquus inoculate of 1.4104 particles ml)1,
i.e. 2106 lm3 ml)1. The experiment was run as
outlined above. Because ﬁltrates from macrophyte
treatments received nutrients as in full WC-med-
ium the resulting nutrient concentrations in ﬁl-
trates could be higher than in full WC-medium.
Therefore, prior to the experiment the eﬀect of
diﬀerent concentrations WC-medium on growth of
Scenedesmus was examined. WC-medium was
tested in triplicate at nutrient concentrations of 1,
10, 25, 100% (=standard medium), 250 and
500%. Hereto exponentially growing S. obliquus
was inoculated at 2 106 lm3 ml)1 in 50 ml WC-
medium in 100 ml Erlenmeyer ﬂasks that were
placed for 3 days at 20 C in continuous light of
100-lmol quanta m)2 s)1 on a rotating shaking
device (60 rpm). Biovolume-based growth rates
were statistically compared by one-way ANOVA
followed by a Bonferroni post-hoc comparison
test.
Comparison between phase I and II
Phase I and II were compared statistically to dis-
tinguish between eﬀects caused by the physical
presence of macrophytes and allelochemically
exerted eﬀects. Growth rates were analysed by
two-way ANOVAs with phase (I and II) and
treatments (control, Chara,Myriophyllum, Elodea)
as ﬁxed factors. Similar incubations (phase I con-
trols and phase II negative controls) were com-
pared by a t-test. MPV and FPSII were compared
by means of repeated measures ANOVA. To pin-
point diﬀerences between comparable phase I and
II incubations each phase I control or plant
treatments and subsequent phase II ﬁltrates were
subjected to separate repeated measure ANOVAs.
Results
Physical presence of macrophytes
Biovolume-, Chl a and particle-based growth of
Scenedesmus in the presence of live plants was
signiﬁcantly reduced compared to growth in con-
trol medium and treatments with plastic plants
(Fig. 2a). One-way ANOVAs on biovolume-based
growth rates (F4,15=25.7; p<0.001), Chl a based
growth rates (F4,15=67.6; p<0.001) and particle-
based growth rates (F4,15=37.1; p<0.001)
indicated signiﬁcant diﬀerences. Bonferroni’s post-
hoc tests on volume-and Chl a based growth
showed that controls and plastic plants formed
one homogeneous group (treatments which are not
signiﬁcantly diﬀerent at the 95% conﬁdence level),
whereas the three live plant treatments comprised
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another homogeneous group (Fig. 2a). For parti-
cle-based growth rates Bonferroni’s post-hoc test
revealed four homogenous groups: (1) controls, (2)
plastic plants, (3) Chara and Myriophyllum
treatments, and (4) Myriophyllum and Elodea
treatments (Fig. 2a). Particle-based growth
for Scenedesmus in presence of plastic plants was
14.5% lower than of those in plant free controls,
but in presence of live plants particle-based growth
was 35–48% lower compared to plastic plant
treatments (Fig. 2a).
The average eﬃciencies of Photosystem II
(FPSII) of Scenedesmus were highest in controls
and plastic plant treatments and considerably
lower in the presence of live plants (Fig. 3a). A
repeated measure ANOVA indicated a signiﬁcant
time (i.e. FPSII after 24, 48 and 72 h) eﬀect
(F2,30=47.8; p<0.001), a signiﬁcant treatment and
time interaction (F8,30=3.87; p=0.003), and a
signiﬁcant treatment eﬀect (F4,15=18.0; p<0.001).
Bonferroni’s post-hoc test showed that overall
FPSII in controls and plastic plant treatments
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Figure 2. Growth rate of Scenedesmus obliquus based on the increase in total algal biovolume (ﬁlled bars), Chl a (open bars), and
particles (shaded bars) over a three days period in the absence (Control) and presence of artiﬁcial (Plastic) or real plants (Chara, Elodea
and Myriophyllum; upper panel A), and in their culture ﬁltrates (lower panel B). Neg. Control represents an additional control with
fresh medium. Error bars represent one standard deviation (n=4). Similar symbols above the bars (A, B; a, b; a, b, c) indicate
homogeneous groups that are not signiﬁcantly diﬀerent at the 95%-level (Bonferroni’s post-hoc test).
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formed one homogeneous group, whereas the three
live plant treatments comprised another homoge-
neous group. The repeated measures ANOVA on
the MPV indicated a signiﬁcant time eﬀect
(F3,45=12.8; p<0.001) and a signiﬁcant treat-
ment  time interaction (F12,45=8.11; p<0.001),
but no signiﬁcant treatment eﬀect (F4,15=1.64;
p=0.216). The signiﬁcant treatment  time inter-
action is visualised in the course of the MPV
of Scenedesmus in controls (Fig. 4a). After 1 and
2 days, MPV in controls is signiﬁcantly larger than
in plant treatments, and plastic- andMyriophyllum
treatments, respectively, while after three days
MPV was signiﬁcantly smaller than in all other
treatments (Fig. 4a). MPV did not exceed 300 lm3
and qualitative microscopic analysis revealed that
the cultures were dominated by unicells.
Macrophytes culture ﬁltrates
Prior to the experiment, the eﬀect of diﬀerent
concentrations WC-medium on growth of S.
obliquus was examined. Biovolume-based growth
rates were signiﬁcantly diﬀerent for S. obliquus
grown for three days in WC-medium varying in
composition (F5,12=180.2; p<0.001), but Bon-
ferroni post hoc comparison revealed that growth
was similar in 25%, 100% (= full medium) and
250% WC-medium with rates of 1.32 (±0.01)
d)1, 1.35 (±0.03) d)1 and 1.35 (±0.03) d)1,
respectively. Growth in 1% (0.74±0.01 d)1),
10% (1.21± 0.06 d)1) and 500% medium
(1.08±0.01 d)1) all were signiﬁcantly diﬀerent
from each other and the 25%, 100% and 250%
medium treatments.
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Figure 3. The Photosystem II eﬃciency of Scenedesmus obliquus over a 3 days period in the absence (Control) and presence of artiﬁcial
(Plastic) or real plants (Chara, Elodea and Myriophyllum; upper panel a), and in their culture ﬁltrates (lower panel b). Neg. Control
represents additional controls with fresh medium. Error bars represent one standard deviation (n=4).
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When Scenedesmus was grown in ﬁltrate from
cultures of live plants that was replenished with
nutrients both the one-wayANOVAon biovolume-
based growth rates (F4,15=5.67; p=0.006) and on
Chl a based growth rates (F4,15=4.71; p=0.012)
indicated signiﬁcant diﬀerences among treatments
(Fig. 2b). Bonferroni’s post-hoc test showed that
growth of Scenedesmus in ﬁltrate from Elodea cul-
tures was signiﬁcantly lower than in other treat-
ments (Fig. 2b). The reduction compared with
ﬁltrate controls was 12 % and 28% for biovolume-
based and Chl a based growth rates, respectively.
When growth rates were calculated from the
increase in number of particles, again the one-way
ANOVA indicated signiﬁcant diﬀerences
(F4,15=23.1; p<0.001). Bonferroni post-hoc test
revealed that Scenedesmus growth rate in ﬁltrate
from Elodea and Myriophyllum cultures was sig-
niﬁcantly lower than in both controls (Fig. 2b). The
reduction compared with ﬁltrate controls was 7%
and 15% forMyriophyllum and Elodea treatments,
respectively.
Photosystem II eﬃciencies (FPSII) of Scene-
desmus in ﬁltrates from macrophyte cultures were
considerably higher than in the presence of live
plants (Fig. 3b). A repeated measure ANOVA on
FPSII of Scenedesmus in ﬁltrates from macro-
phyte cultures indicated a signiﬁcant time eﬀect
(F2,30=19.2; p<0.001), no treatment and time
interaction (F8,30=2.11; P=0.067), and a signiﬁ-
cant treatment eﬀect (F4,15=3.13; p=0.046).
Bonferroni’s post-hoc test yielded no signiﬁcantly
diﬀerent FPSII among treatments, but the less
conservative Tukey post-hoc test revealed that only
controls and Elodea treatments were signiﬁcantly
diﬀerent from each other. However, the diﬀerence
in overall FPSII between Elodea treatments and
controls or ﬁltrate controls was only 3% or 2%,
respectively and was only signiﬁcant in the overall
analysis because of small within group variation
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(Fig. 3b). One-way ANOVAs on FPSII
of Scenedesmus after one- (F4,15=2.40; p=0.096),
two- (F4,15=2.65; p=0.075) and three-days
(F4,15=2.61; p=0.078) in phase II showed similar
FPSII in controls and treatments.
The repeated measures ANOVA on MPV
indicated a signiﬁcant time eﬀect (F3,45=97.5;
p<0.001) and a signiﬁcant treatment  time in-
teraction (F12,45=4.60; p<0.001), but no sig-
niﬁcant treatment eﬀect (F4,15=2.15; p=0.125).
The signiﬁcant treatment  time interaction is
visualized in the course of the MPV of Scenedes-
mus in controls that was similar with other treat-
ments after one and two days, but MPV became
signiﬁcantly lower after three days (Fig. 4b). Mean
particle volumes were below 350 lm3 and
microscopy revealed the cultures were dominated
by unicells.
Comparison between phase I and II
A two-way ANOVA indicated a signiﬁcant dif-
ference in volume-based growth of S. obliquus in
phase I and II (F1,24=193.7; p<0.001), a sig-
niﬁcant treatment eﬀect (F3,24=22.9; p<0.001)
and a signiﬁcant phase  treatment interaction
(F3,24=10.3; p<0.001). The signiﬁcant interaction
term is caused by the signiﬁcantly reduced growth
in presence of Chara and Myriophyllum (Fig. 2a),
but disappearance of this eﬀect in their culture
ﬁltrates (Fig. 2b). Similar observations were made
for chlorophyll-based growth with signiﬁcant
phase (F1,24=101.6; p<0.001) and treatment ef-
fects (F3,24=29.9; p<0.001) and a signiﬁcant
phase  treatment interaction (F3,24=10.4;
p<0.001). Also for particle-based growth a sig-
niﬁcant diﬀerence between the two phases could be
detected (F1,24=171.3; p<0.001), a signiﬁcant
treatment eﬀect was found (F3,24=50.6; p<0.001),
and a signiﬁcant phase  treatment interaction
(F3,24=14.0; p=0.001). Comparable incubations
in phase II and I were the controls (I) and negative
controls (II) that showed a 5% and signiﬁcantly
lower (t-test: t=4.5; p=0.004) volume-based
growth in phase I (1.46±0.01 d)1) than in phase II
(1.54±0.03 d)1). However, chlorophyll-based
(t=1.7; p=0.147) and particle-based growth
rates (t=0.2; p=0.871) were similar for these
populations.
Comparison of FPSII of S. obliquus in phase I
and II indicated signiﬁcant diﬀerences between the
two phases (F1,24=72.0; p<0.001), a signiﬁcant
treatment eﬀect (F3,24=15.0; p<0.001) and a sig-
niﬁcant phase  treatment interaction
(F3,24=11.1; p<0.001). The signiﬁcant interaction
term is caused by the signiﬁcantly reduced FPSII
of S. obliquus in presence of Chara, Myriophyllum
and Elodea (Fig. 3a), but disappearance of this
eﬀect in their culture ﬁltrates (Fig. 3b).
Comparison of MPV in phase I controls and
real plant treatments with their phase II ﬁltrates
(Fig. 4a & b) by repeated measure ANOVA re-
vealed a signiﬁcant diﬀerence between both phases
(F1,24=33.2; p<0.001), a signiﬁcant phase  time
interaction (F3,24=3.93; p=0.021), but no treat-
ment eﬀect (F3,24=0.32; p=0.814). Signiﬁcant
diﬀerences between the two phases were found for
Chara (F1,6=23.1; p=0.003) and Myriophyllum
treatments (F1,6=20.1; p=0.004), for controls
(F1,6=80.1; p<0.001) but not for Elodea
(F1,6=5.29; p=0.061). Comparison of phase I
controls and comparable phase II replicates
(negative controls) revealed no diﬀerences
(F1,6=1.92; p=0.215) (Fig. 4 a & b).
Discussion
Growth of Scenedesmus was reduced signiﬁcantly
in the presence of the three live macrophytes
tested. This ﬁnding is in agreement with the
expectations on the antagonistic eﬀect of macro-
phytes on phytoplankton biomass (e.g. Scheﬀer,
1998; Søndergaard & Moss, 1998), which has
been found earlier in studies of the eﬀect of
Elodea and Chara on Scenedesmus (Hasler &
Jones, 1949; Pokorny´ et al., 1984; Van Donk &
Van de Bund, 2002). Several mechanisms can be
involved in the antagonistic relationship between
phytoplankton and macrophytes (Scheﬀer, 1998;
Søndergaard & Moss, 1998; Van Donk & Van de
Bund, 2002), but sorting out the role of
these mechanisms in practise remains a major
challenge.
In our experiment several potential mecha-
nisms may be ruled out. Increased sedimentation
within macrophytes stands may be excluded as a
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causal factor as ﬂasks were placed on a shaking
device. Increased grazing pressure associated with
the refuge macrophytes provide to grazers could
be excluded too, because zooplankton was absent.
Similarly shading can be ruled out of having a
signiﬁcant eﬀect on volume- and chlorophyll-
based growth and on FPSII of Scenedesmus, as
these endpoints were unaﬀected in the presence of
plastic plants compared to plant-free controls.
Although particle-based growth was slightly lower
in presence of plastic plants compared to plant-
free controls, growth rates in plastic plant treat-
ments were still much higher than in presence of
real macrophytes. Hence, the strong reduction of
growth of Scenedesmus by macrophytes seems
likely to be the result of allelopathy and/or nutri-
ent competition (Søndergaard & Moss, 1998; Van
Donk & Van de Bund, 2002).
Phase II of the experiment was designed to
distinguish between allelopathy and nutrient
competition as growth inhibitory mechanisms.
Nutrients were added to ﬁltrates from phase I
plant-free controls and macrophyte treatments to
prevent nutrient limitation for Scenedesmus in
phase II, as Scenedesmus, and Chara, Myriophyl-
lum and Elodea shoots in phase I could have de-
pleted nutrients (Nichols & Keeney, 1976; Van
Donk et al., 1993; Kufel & Kufel, 2002). Since
Scenedesmus growth and morphology was unaf-
fected in standard WC-medium or medium that
contained 2.5 times more nutrients, masking of a
potential allelochemically exerted growth inhibi-
tion by nutrient enhanced growth seems unlikely.
Scenedesmus expressed similar growth and
morphological variability in two consecutive trials
under comparable conditions in phase I (controls)
and phase II (negative controls). Scenedesmus
showed identical courses in MPV and FPSII,
identical chlorophyll-based and particle-based
growth, but a signiﬁcantly diﬀerent volume-based
growth. The latter was mainly caused by small
within group variances and the 5.5% lower vol-
ume-based growth measured in phase I was
smaller than the phase II within experiment dif-
ference of 12% between ﬁltered medium and Elo-
dea ﬁltrate treatments. Hence, it may be concluded
that diﬀerences between the presence of plants
and their culture ﬁltrates are due to treatment
eﬀects and not the result of between experiment
variation.
Comparing the results of physical presence of
macrophytes and their culture ﬁltrate yielded sig-
niﬁcant diﬀerences for Chara and Myriophyllum
treatments on almost all endpoints. In general, the
eﬀects that Chara and Myriophyllum had on
Scenedesmus in phase I disappeared in phase II,
where Scenedesmus was grown in culture ﬁltrate of
these macrophytes. A similar observation has been
made for C. aspera, which inhibited strongly S.
obliquus when Chara and S. obliquus were kept
together, but the negative impact was lost when
Chara had been removed prior to the experiment
(Van Donk & Van de Bund, 2002). Van Donk &
Van de Bund (2002) explained this by immediate
degradation/disappearance of allelopathic sub-
stances, because the allelopathic substances from
Chara are volatile (Anthoni et al., 1980) and
therefore may be lost rapidly (Blindow & Hoots-
mans, 1991; Van Donk & Van de Bund, 2002). In
the current study, a rapid removal of volatile sul-
phuric compounds might have occurred during the
ﬁltration step, which was included in the experi-
mental design between phase I and II. In addition
to rapid dilution and disappearance, Mulderij et al.
(2003) have listed several other potential causes for
the absence of an allelopatic eﬀect of Chara
on S. obliquus. The absence of an allelopatic eﬀect
on S. obliquus might be due to diﬀerences in
allelopathic activity among strains of C. globularis,
which might also depend on growth phase. Blin-
dow and Hootsmans (1991) reported 10% growth
reduction of Scenedesmus communis (Desmodesmus
communis) in water from cultures of C. globularis,
but they also found considerable variation between
replicate experiments and between diﬀerent strains
of C. globularis.
Diﬀerential sensitivity among Scenedesmus
species might be another possibility (Mulderij
et al., 2003). However, a very limited number of
studies have been performed on allelopathic eﬀects
of Chara species with Scenedesmus as target
organisms. Recently, based on 18S- and ITS2-
rDNA-sequence analysis the old genus Scenedes-
mus has been divided into two new genera:
Scenedesmus Meyen for non-spiny organisms and
a genus Desmodesmus (Chodat) An, Friedl et He-
gewald for those which could bear spines (An
et al., 1999; Hegewald, 2000; Van Hannen et al.,
2002). Consequently, several intensive studies on
allelopathic eﬀects of Chara species have been
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conducted with a Desmodesmus species (e.g. Blin-
dow & Hootsmans, 1991; Hootsmans, 1991). Since
no study has compared the sensitivity of various
Scenedesmus species to allelopathic substances
from C. globularis diﬀerential sensitivity remains
unclear. Moreover, based on the limited studies
that have been performed, sensitivity of S. obliquus
to allelopathic substances from C. globularis can-
not be ruled out and more studies under various
environmental conditions are needed. Further-
more, a continuous ﬂow design would be needed
to achieve continuous addition of volatile allelo-
pathic compounds to receiving test algae.
In the current study, only ﬁltrates from Elodea
caused growth inhibition in Scenedesmus with a
reduction of 12 and 28% for biovolume-based and
Chl a based growth rates, respectively, compared
to ﬁlter controls. In addition, particle-based
growth rates were signiﬁcantly reduced in both
Myriophyllum and Elodea culture ﬁltrates, with a
reduction of 7 and 15%, respectively (vide
Fig. 2b). This magnitude of growth inhibition is
similar to values of 10% found by Blindow and
Hootsmans (1991) for actively growing Chara in
the laboratory and 20% for decaying Chara in the
ﬁeld (Hootsmans, 1991).
Scenedesmus growth rates were reduced with
26–68% in the presence of live plants compared to
plastic plant controls. Since this reduction is much
higher than the 12–28% found in nutrient-en-
riched culture ﬁltrates, the diﬀerence may be
caused by rapid nutrient removal in the presence
of the plants (Nichols & Keeney, 1976; Van Donk
et al., 1993; Kufel & Kufel, 2002). The remaining
growth inhibitory eﬀect in ﬁltrates from Elodea is
then most likely a result of allelochemicals.
Allelopathically active compounds are often
directed at photosynthesis (Gross, 2003) and have
been extracted from Elodea canadensis (Wium-
Andersen, 1987), Chara globularis (Anthoni et al.,
1980; Wium-Andersen et al., 1982), and Myrio-
phyllum spicatum (Gross & Su¨tfeld, 1994). In those
studies 14C-radiotracer techniques were applied to
demonstrate the allelopathy, while in the current
study photosynthetic performance of Scenedesmus
was distilled from FPSII measurements. There ex-
ist, however, good correlations between FPSII and
the rate of C-ﬁxation in algae and algal growth
rate (Hofstraat et al., 1994; Geel, 1997). Further-
more, the hydrolyzable polyphenols released by
Myriophyllum might also inhibit FPSII (Ko¨rner &
Nicklisch, 2002; Leu et al., 2002). However, the
results of the current study could not conﬁrm this.
Only a marginal inhibition (3%) of FPSII of
Scenedesmus occurred in the Elodea culture ﬁl-
trates compared to negative controls and a non-
signiﬁcant 2% inhibition was found compared to
ﬁlter controls. The latter reduction was much less
than the 12–28% reduction in growth rates.
Therefore, in the Elodea-Scenedesmus interaction
allelochemicals were not directed at photosynthe-
sis, but probably at other physiological processes,
such as enzyme activity (Reigosa et al., 1999;
Gross, 2003).
Because the cultures were not completely free
of bacteria, bacterial degradation of allelochemi-
cals cannot be excluded as has been found for
Myriophyllum exudates (Gross et al., 1996; Nakai
et al., 1996, 1999). However, allelopathic com-
pounds from Myriophyllum still had considerable
activity after 1 day in a bacterial suspension (63–
100% activity), but activity vanished after
3–4 days (Nakai et al., 1996). Thus, the absence of
an eﬀect of Myriophyllum exudates on FPSII of
Scenedesmus is probably not due to bacterial
degradation, but could be the result of adsorption
to ﬁlters or to Scenedesmus in phase I, or of
evaporation during the ﬁltration.
The test alga used, Scenedesmus, is notoriously
phenotypically plastic and can be found as unicells
and colonies up to 16 cells linearly arranged along
their long axes (Trainor, 1998). In the current study,
cell size of Scenedesmus expressed as MPV was not
aﬀected in the presence of macrophytes or ﬁltrates
and no colonies were formed. TheMPV varied over
time in controls which was the results of normal
growth and subsequent carbon-limitation in batch
cultures (Lu¨rling, 2003). Scenedesmus expressed
identical morphological variability in two consec-
utive trials under comparable conditions, i.e. phase
I controls and comparable phase II replicates
(negative controls). This means that the slight dif-
ferences inMPV between phase I controls and plant
treatments and phase II ﬁltrates points to a treat-
ment related eﬀect either from the ﬁltration or algal
conspeciﬁcs. Nonetheless, MPV values were all
within the range of populations dominated by
unicells and bicells (Lu¨rling, 2003). Furthermore,
Scenedesmus showed no signs of clumping and/or
becoming sticky. Thus, in the current study
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macrophyte exudates had no morphogenetic eﬀect
on Scenedesmus.
In conclusion, allelopathic acitvity of Elo-
dea canadensis on S. obliquus growth could be
demonstrated. Myriophyllum reduced only parti-
cle-based growth, and no growth inhibition by
exudates from Chara was found under the condi-
tions employed in the current study. No eﬀect of
macrophytes on the morphological appearance of
Scenedesmus was observed. However, the experi-
mental design cannot rule out disappearance of
allelochemicals during the ﬁltration process.
Scenedesmus growth inhibition was more severe
in the physical presence of macrophytes compared
to plastic plants or macrophyte exudates, which
suggests nutrient competition was a more powerful
driving factor than allelochemicals.
Acknowledgements
The research of ML was made possible by a fel-
lowship from the Royal Netherlands Academy of
Arts and Sciences. This research was supported by
the Netherlands Organisation for Scientiﬁc
Research (NWO-ALW Grant No.809-34-008).
References
An, S. S., T. Friedl & E. Hegewald, 1999. Phylogenetic rela-
tionships of Scenedesmus and Scenedesmus-like coccoid
green algae as inferred from ITS)2 rDNA sequence com-
parisons. Plant Biology 1: 418–429.
Anthoni, U., C. Christophersen, J. Øga˚rd Madsen, S. Wium-
Andersen & N. Jacobsen, 1980. Biologically active sulphur
compounds from the green algal Chara globularis. Phyto-
chemistry 19: 1228–1229.
Blindow, I. & M. J. M. Hootsmans, 1991. Allelopathic eﬀects
from Chara spp. on two species of unicellular green algae. In
Hootsmans, M. J. M. & J. E. Vermaat (eds), Macrophytes, a
Key to Understanding Changes Caused by Eutrophication
in shallow freshwater ecosystems. IHE Reports Series 21,
Delft, 139–144.
Geel, C., 1997. Photosystem II electron ﬂow as a measure for
phytoplankton gross primary production. Ph.D. thesis,
Agricultural University Wageningen, 110 pp.
Gross, E. M., 2003. Allelopathy of aquatic autotrophs. Critical
Reviews in Plant Sciences 22: 313–339.
Gross, E. M. & R. Su¨tfeld, 1994. Polyphenols with algicidal
activity in the submerged macrophyte Myriophyllum spica-
tum L. Acta Horticulturae 381: 710–716.
Gross, E. M., H. Meyer & G. Schilling, 1996. Release and
ecological impact of algicidal hydrolysable polyphenols in
Myriophyllum spicatum. Phytochemistry 41: 133–138.
Hasler, A. D. & E. Jones, 1949. Demonstration of the antag-
onistic action of large aquatic plants on algae and rotifers.
Ecology 30: 359–364.
Hegewald, E., 2000. New combinations in the genus Des-
modesmus (Chlorophyceae, Scenedesmaceae). Algological
Studies 96: 1–18.
Hofstraat, J. W., J. H. C. Peeters, J. H. F. Snel & C. Geel, 1994.
Simple determination of photosynthetic eﬃciency and pho-
toinhibition of Dunaliella tertiolecta by saturating pulse ﬂu-
orescence measurements. Marine Ecology Progress Series
103: 187–196.
Hootsmans, M.J.M., 1991. Seasonal changes in allelopathic
properties of water samples from various locations in Lake
Veluwe: a laboratory study. In Hootsmans, M. J. M & J. E.
Vermaat (eds), Macrophytes, a Key to Understanding
Changes Caused by Eutrophication in Shallow Freshwater
Ecosystems. IHE Reports Series 21, Delft, pp. 144–151.
Jasser, I., 1995. The inﬂuence of macrophytes on a phyto-
plankton community in experimental conditions. Hydrobi-
ologia 306: 21–32.
Jeong, J.-H.,H.-J. Jin,C.H. Sohn,K.-H. Suh&Y.-K.Hong, 2000.
Algicidal acitvity of the seaweed Corallina pilufera agianst red
tide microalgae. Journal of applied Phycology 12: 37–43.
Ko¨rner, S. & A. Nicklisch, 2002. Allelopathic growth inhibition
of selected phytoplankton species by submerged macro-
phytes. Journal of Phycology 38: 862–871.
Kufel, L. & I. Kufel, 2002. Chara beds acting as nutrient sinks
in shallow lakes – a review. Aquatic Botany 72: 249–260.
Lampert, W., K.O. Rothhaupt & E. von Elert, 1994. Chemical
induction of colony formation in a green alga (Scenedesmus
acutus) by grazers (Daphnia). Limnology and Oceanography
39: 1543–1550.
Leu, E., A. Krieger-Liszkay, C. Goussias & E. M. Gross, 2002.
Polyphenolic allelochemicals from the aquatic angiosperm
Myriophyllum spicatum L. inhibit photosystem II. Plant
Physiology 130: 2011–2018.
Lu¨rling, M., 2003. Phenotypic plasticity in the green algae
Desmodesmus and Scenedesmus with special reference to the
induction of defensive morphology. Annales de Limnologie
– International Journal of Limnology 39: 85–101.
Lu¨rling, M. & W. Beekman, 1999. Grazer-induced defenses in
Scenedesmus (Chlorococcales; Chlorophyceae); coenobium
and spine formation. Phycologia 38: 368–376.
Lu¨rling, M. & A. M. Verschoor, 2003. F0-spectra of chlorophyll
ﬂuorescence for the determination of zooplankton grazing.
Hydrobiologia 491: 145–157.
Mulderij, G., E. Van Donk & J. G. M. Roelofs, 2003. Diﬀer-
ential sensitivity of green algae to allelopathic substances
from Chara. Hydrobiologia 491: 261–271.
Nakai, S., M. Hosomi, M. Okada & A. Murakami, 1996.
Control of algal growth by macrophytes and macrophyte-
extracted bioactive compounds. Water Science and Tech-
nology 34: 227–235.
Nakai, S., Y. Inoue, M. Hosomi & A. Murakami, 1999.
Growth inhibition of blue-green algae by allelopathic eﬀects
of macrophytes. Water Science and Technology 39: 47–53.
Nichols, D. S. & D. R. Keeney, 1976. Nitrogen nutrition in
Myriophyllum spicatum: uptake and translocation of 15N by
shoots and roots. Freshwater Biology 6: 145–154.
219
Otten, J. H. & M. T. M. Willemse, 1988. First steps to
periphyton. Archiv fu¨r Hydrobiologie 112: 177–195.
Planas, D., F. Sarhan, L. Dube, H. Godmaire & C. Cadieux,
1981. Ecological signiﬁcance of phenolic compounds of
Myriophyllum spicatum. Verhandlungen internationale Ve-
reinigung fu¨r Limnologie 21: 1492–1496.
Pokorny´, J., J. Kve˘t, J. P. Ondok, Z. Toul & I. Ostry´, 1984.
Production-ecological analysis of a plant community domi-
nated by Elodea canadensis. Aquatic Botany 19: 263–292.
Reigosa, M. J., A. Sanchez-Moreiras & L. Gonzalez, 1999.
Ecophysiological approach in allelopathy. Critical Reviews
in Plant Sciences 18: 577–608.
Scheﬀer, M., 1998. The Ecology of Shallow Lakes. Chapman &
Hall, 357 pp.
Schriver, P., J. Bøgestrand, E. Jeppesen&M.Søndergaard, 1995.
Impact of submerged macrophytes on ﬁsh-zooplankton-
phytoplankton interactions: large-scale enclosure experiments
in a shallow eutrophic lake. Freshwater Biology 33: 255–270.
Søndergaard, M. & B. Moss, 1998. Impact of submerged
macrophytes on phytoplankton in shallow freshwater lakes.
In Jeppesen, E., M. Søndergaard & K. Christoﬀersen (eds)
The Structuring Role of Submerged Macrophytes in Lakes.
Ecological Studies 131: 115–132.
SPSS. , 2000. Release 10.1.0, SPSS Science. Briljant Software &
Techniek, Mijdrecht, The Netherlands.
Trainor, F. R., 1998. Biological aspects of Scenedesmus
(Chlorophyceae)-phenotypic plasticity. Nova Hedwigia,
Beiheft 117: 1–367.
Van den Berg, M. S., H. Coops, M.-L. Meijer, M. Scheﬀer &
J. Simons, 1998. Clear water associated with a dense
Chara vegetation in the shallow and turbid lake Veluwe-
meer, The Netherlands. In Jeppesen, E., M. Søndergaard
& K. Christoﬀersen (eds), The Structuring Role of Sub-
merged Macrophytes in Lakes. Ecological Studies 131:
339–352.
Van Donk, E., R. D. Gulati, A. Iedema & J. Meulemans, 1993.
Macrophyte-related shifts in the nitrogen and phosphorus
contents of the diﬀerent trophic levels in a biomanipulated
shallow lake. Hydrobiologia 251: 19–26.
Van Donk, E. & W. J. Van de Bund, 2002. Impact of sub-
merged macrophytes including charophytes on phyto- and
zooplankton communities: allelopathy versus other mecha-
nisms. Aquatic Botany 72: 261–274.
Van Hannen, E. J., P. Fink & M. Lu¨rling, 2002. A revised
secondary structure model for the internal transcribed spacer
2 of the green algae Scenedesmus and Desmodesmus and its
implication for the phylogeny of these algae. European
Journal of Phycology 37: 203–208.
Wium-Andersen, S., 1987. Allelopathy among aquatic plants.
Archiv fu¨r Hydrobiologie, Beiheft Ergebnisse der Limnolo-
gie 27: 167–172.
Wium-Andersen, S., U. Anthoni, C. Christophersen &
G. Houen, 1982. Allelopathic eﬀects on phytoplankton by
substances isolated from aquatic macrophytes (Charales).
Oikos 39: 187–190.
220
